Introduction
Bacterial adaptations and resistance to antibiotics present an increasing challenge to healthcare in hospitals and in the community, as well as in maintaining a safe and nutritious food supply for an increasing global population. Peptidoglycan-targeting antimicrobial peptides remain underutilized in bacterial management and resistance remains uncommon. Used alone or as facilitators in combinations with other antimicrobials, these compounds hold much promise and offer a model for the development of novel molecules for bacterial control.
Lanthionine antibiotics, or lantibiotics, are a group of antimicrobial peptides that are highly efficient against Gram-positive bacteria, have good environmental stability and have no known toxicity to humans (1) (2) (3) . They are characterized by macrocyclic rings closed by unusual thioether bonds, formed by joining cysteine thiols to dehydroalanine (Dha) and dehydrobutyrine (Dhb), derived by post-translational dehydration of serine and threonine, respectively. This broad category of antibiotics is classified into three groups: class I lantibiotics are modified by separate dehydratases and cyclases; class II are modified by a single enzyme and class III have little antibiotic activity and perform other functions (1) . There are over 80 novel lantibiotics, many discovered since 1985, (4) and this continues to be a growing area for pharmaceutical exploitation.
The best understood and most widely used class I lantibiotic, nisin, is effective against Staphylococci, Clostridia and Lysteria and has numerous applications in food protection worldwide. Nisin targets pyrophosphorylated peptidoglycan intermediates lipid II and undecaprenyl pyrophosphate (11PP), present in the outer leaflet of bacterial membranes. It forms membrane-lytic complexes with lipid II, which dissipate transmembrane potentials and solute gradients (5, 6) . Membrane complexes with 11PP are inhibitory to cell wall biosynthesis (5, 7) . Nisin also deregulates bacterial division and cell wall morphogenesis (8) and can inhibit spore outgrowth (9, 10) . Nisin is produced ribosomally in Lactococcus lactis and modified to have a structure that includes five thioether-bonded macrocyclic rings and three dehydrated amino residues -Dhb2 and Dha5 and 33 ( Figure 1 ). Dha5 is essential to the spore outgrowth activity of nisin (9) . The mature peptide is positively charged and readily binds negative and neutral membranes (11, 12) . NMR studies of nisin in solution (13) (14) (15) (16) and membrane-mimetic detergent micelles (17) have shown that rings A, B and C are joined to the inter-linking rings D and E by a flexible region, and that the linear tails at the N-and C-termini are also flexible (18) . Disulfide-linked macrocyclic peptide analogs of the nisin target-recognition motif 1-12 are conformationally similar to the natural peptide but can form in the absence of the nisB/C enzymatic machinery (19) .
Functional membrane-lytic complexes form between antibiotic nisin and its target lipid II with 2:1 stoichiometry in a pyrophosphate-mediated process and are proposed to assemble into higher order oligomeric structures (20) . An NMR study of 1:1 nisin-lipid II model in DMSO indicates N-terminal engagement by rings A and B of nisin with the pyrophosphate group in lipid II (21) . Structural information from the biologically relevant nisin/lipid II 2:1 membrane complexes is lacking at present.
The CHARMM force field (22) , which describes biological macromolecules such as proteins (22, 23) , nucleic acids (24) and their ligands (25) in aqueous or membrane environments (26, 27) is widely used in atomistic molecular dynamics (MD) simulations.
Despite the research interest in lantibiotics and their long-term industrial use, simulation studies have been hindered by limited theoretical characterization of the dehydrated residues Dha and Dhb. Parameters have been developed for Dha (28) for the AMBER force field (29) but these have been used to study the propensity of dehydroamino residues to form -turns in de novo peptides (30, 31) and not for the study of lantibiotics. More recently, Siodlak et al. (32) calculated the complete Ramachandran plot for the dehydroalanine dipeptide at the B3LYP/6-31+G** level of theory, again with a focus on peptide design.
In this work we computationally characterize Dha and Dhb and report a new set of parameters for the CHARMM force field to describe Dha and Dhb in a polypeptide chain. To ensure consistency with the CHARMM36 force field, the parameterization procedure (33) followed here is the same as that used for the protein, lipid and smallmolecule parameter sets. The new parameters have enabled us to perform the first simulation of nisin interacting with a model lipid membrane of palmitoyloleoyl phosphatidylglycerol (POPG) and palmitoyloleoyl phosphatidylethanolamine (POPE).
These simulations show that nisin readily binds to membrane surfaces through specific hydrogen bonding, in agreement with NMR data (12) . The parameters and simulations presented here form a platform for further study by MD simulation of interactions between lipid II and nisin in order to predict the structure and formation mechanism of the nisin-lipid II membrane spanning pore. 
Methods

Target molecule and initial guess
The parameters were produced following the established procedure for introducing new chemical groups to the CHARMM force field (22, 25, 33) . The target molecule for the parameterization was the dehydroalanine dipeptide with an acetylated N-terminus and N-methylamide C-terminus ( Figure 2 ). These end groups were chosen over simple methyl groups so that the effect, if any, of the double bond to the α-carbon, on the neighbouring peptide bonds would be accounted for. New atom types, with new charges and parameters, were created for atoms N8, H9, C6, C7, H7, H8, C5 and O9 and adjusted during the parameterization. The remaining atom types were kept the same as their analogies from the CHARMM protein set and were not adjusted.
The initial stream file, containing the starting guess for the topology, charges and parameters, of the dehydroalanine dipeptide was produced using the ParamChem 
Target Data
The CHARMM potential energy function is given by (23) , is a correction applied to the φ and ψ angles of the protein backbone to redress systematic errors in secondary structure. As nisin does not form any secondary structure elements, this term (along with the UB term) was not considered in our parameterization of the new Dha and Dhb residues.
The force constants, K b and K θ , were optimized to reproduce the bond lengths and bond angles of an MP2/6-31G* optimized geometry of the dehydroalanine dipeptide. This level of quantum chemistry has been used consistently (23, 25, 27) for the development of the CHARMM force field over recent years. The initial partial charges, q, were chosen by analogy with pre-existing chemical groups and optimized to reproduce the interaction distances and energies, calculated at the HF/6-31G* level, between hydrogen bond donors and acceptors and single water molecules ( Figure 3 ) in the TIP3P geometry (35) . The HF/6-31G* interaction distances and energies were decreased by 0.2 Å and scaled by 1.16 respectively, to maintain consistency with the existing parameters in the CHARMM force field. Further details of the partial charge optimization procedure are available in the literature (33) (25) . For three of the donor-acceptor interactions (Dha N10H11 -OW, Dha O9 -HW and Dha O3 -HW, where OW is the oxygen of the water molecule and HW is a hydrogen) the dipeptide was in the lowest energy conformation, corresponding to (,) of (-172, 154). When in this conformation, the fourth donor-acceptor interaction (Dha N8H9 -OW) had an overlap where the test water molecule interacting with Dha N8H9 was also interacting with Dha O3. To resolve this issue, the interaction energy and distance for the partial charges were calculated when the dipeptide was in an alternative conformation corresponding to (-58, 30); this conformation was identified as the second lowest energy conformation by Siodlak et al. (32) . Dihedral parameters were fitted to reproduce relaxed scans at the MP2/6-31G*//MP2/ccpVTZ level through a combination of the fitting program of Guvench and MacKerell (36) and further optimization 'by hand' of C4-N8-C6-C5 and C4-N8-C6-C7 to ensure agreement in the low energy regions. The parameters for Dhb were developed by analogy with Dha, with the additional methyl group added by analogy with hydrocarbons in the CGenFF parameter set (25) . All quantum chemistry calculations were performed using Q-Chem (37) ; all empirical force field minimization calculations were performed using CHARMM (38, 39) . Figure 3 . Left Interactions between water molecules and N10H11, O9 and O3 of the dehydroalanine dipeptide in the optimized geometry (water molecules superimposed onto the same image for illustration). Right Alternative conformation used to calculate the interaction between a single water molecule and N8H9.
Chemical shift calculations
Chemical shifts of the dehydrated residues were calculated by density-functional theory (DFT) and compared to experimental values. The calculations were performed using the DALTON quantum chemistry program (40, 41) by determining the differences in absolute isotropic shielding constants between those calculated for each compound and the relevant reference systems:
NH 3 ( 14 N NMR). All calculations were performed using the KT3 functional (42) , which was specifically designed for the calculation of absolute shielding constants, along with the aug-pcS-2 basis sets of Jensen (43) . The basis sets employed were specifically designed for use in DFT and have been optimized for the calculation of NMR shielding constants (43) . For all calculations of chemical shifts, we used the MP2/6-31G* optimized geometry, which was also used as the target data for the bond lengths and angles.
Molecular Dynamics Simulations
Using CHARMM-GUI (44, 45) , a solvated lipid bilayer was generated with a composition of 3:1 POPG: POPE lipids, to represent a Gram-positive bacterial membranes (46) . Each leaflet of the membrane contained 37 POPE lipids and 111 POPG lipids and the area of the membrane surface was 95 x 95 Å in the x-y plane. This choice of system size is based upon similar MD studies of lipid II inserted in a bilayer (46) and the interaction between vancomycin and lipid II (47) . The depth of the water solvent layer above and below the bilayer was 30 Å and contained 222 neutralizing potassium ions. Three independent simulations were conducted. The starting coordinates were taken from models in the Protein Data Bank (PDB) entry 1WCO, the NMR structure of a single nisin molecule in complex with truncated lipid II. The lipid II molecule was deleted and the remaining nisin molecule orientated so that the principal geometric axis was parallel with the x-axis, the next largest direction was parallel with the y-axis and the atom with the minimal z-direction coordinate was 1 Å above the nearest lipid head group, in the water layer. Any water molecules or potassium ions that overlapped with the nisin molecule were deleted. The building of the molecular system and the post-production dynamics analysis were performed using CHARMM (38, 39) .
All minimization, equilibration, and production dynamics were performed using NAMD (48) with a time step of 2 fs and the CHARMM36 force field with the new parameters developed here. Periodic boundary conditions were applied using a cuboid cell with starting dimensions of 95 Å x 95 Å x 100 Å. The SHAKE algorithm was applied to all bonds to hydrogen atoms (49) . The non-bonded cut-off was 12.0 Å and the non-bonded neighbour list was updated at every time step. Long-range electrostatics were treated using the particle-mesh Ewald method (50) . Initial minimization was performed using the standard NAMD minimization algorithm, which is a combination of conjugate gradient and line search methods where the surface area in the x-y plane was also kept constant to maintain a biologically relevant lipid density (27) .
A 
Results
QM calculations on dehydroalanine dipeptide
The molecular orbitals from the MP2/6-31G*//MP2/cc-pVTZ geometry optimization and energy evaluation, characterize the electronic structure of the dehydroalanine dipeptide. The converged total energies for the two levels of theory are -491.672404651716 and -493.152241462216 E h , respectively. The identification of the π molecular orbitals was aided by reference to a model five atom system calculated using the Simple Hückel Molecular Orbital Theory Calculator (http://www.chem.ucalgary.ca/SHMO/) (51) . Each carbon atom, and the oxygen, 
Chemical shifts
Experimentally verifiable parameters that is dependent on the electron density Bank (BMRB) (52) . Table 1 compares these values to the chemical shifts calculated by DFT, those predicted by the ADC labs NMR predictor module (www.adclabs.com) and those measured by Chan et al. (53) in a study of the lantibiotic subtilin. Table 2 and Table 3 compare bond lengths and angles from MP2/6-31G* geometry optimization with those calculated from an energy minimization using the new parameters. It is recommended (25) that the bond lengths from the CHARMM optimization are within 0.03 Å of the QM optimized value and the valence angles within 3. Both show close agreement between the CHARMM and QM values; the average difference in bond length in Table 2 is 0.02  0.01 Å and the average difference in bond angle in Table 3 is 1  1. Table 4 reports the result of the partial charge optimization. The recommended (25) minimum difference between the QM values and the optimized CHARMM parameters is 0.02 kcal mol -1 for the interaction energies and 0.1 Å for the interaction distance. Although the differences in interaction distance for Dha N10H11 and interaction energy for Dha N8H9 slightly exceed this, similar disagreement has been acceptable in major parameterization efforts such as CGenFF (25) . Figure 5 is an example of a dihedral scan showing the MP2/6-31G* potential energy surface with respect to this coordinate and the surface calculated using the initial guess and the new CHARMM parameters. The disagreement in the low energy region, about 180, between the initial guess and the optimized parameters and the QM surface illustrates the necessity of applying the full parameterization procedure to the Dha and Dhb residues. 120  122  2  C6-C5-N10  118  119  2  C5-N10-H11  119  120  2  C5-N10-C1  121  122  1  N10-C1-H1  112  111  1  N10-C1-H2  109  111  2  N10 -C1-H3  110  111  1  H1 -C1-H2  109  108  1  H1 -C1-H3  109  108  1  H2-C1-H3  108  108  1   Table 3 . Bond angles (deg) from MP2/6-31G* geometry optimization and energy minimization using new CHARMM parameters. See Figure 2 Table 4 . HF/6-31G* interaction distances and interaction energies of a single water molecule and the polar atoms of the dehydroalanine dipeptide and the distances and energies calculated following energy minimization with the new parameters. 
CHARMM Parameterization
MD Simulation
The thermodynamic stability of the MD simulations was confirmed by examining the kinetic energy, potential energy, total energy, temperature and pressure (data not shown). Nisin does not have any secondary structure elements such as -helices or -sheets, but there is some structure imposed by the steric restrictions of the thioether rings. Table 5 shows the (,) angles of the residues that form the interior of the rings during the membrane simulation. In agreement with NMR structure of nisin in micelles (18) , rings B and D form type-II -turns and ring E forms a distorted type-I -turn, using the definitions of Hutchinson and Thornton (54) . This contrasts with the simulation of nisin in water (Table 6) , where ring B adopts a type-II β-turn but the other rings have no recognised regular structure, indicating that nisin in water has more conformational freedom and that the interaction with the membrane constrains the rings.
Residue number
Std Dev (°) Table 5 . Average values of the (,) angles, with their standard deviations, that characterise the ring structures for nisin in a membrane environment.
Residue number Table 6 . Average values of the (,) angles, with their standard deviations, that characterise the ring structures for nisin in an aqueous environment.
Receptor recognition by nisin involves the formation of multiple hydrogen bonds (55) and hydrogen bonding is likely to be an important component of membrane interactions. To investigate this, a hydrogen bonding analysis was performed between nisin and the lipid head groups. The cutoff for the hydrogen-acceptor distance was 2.8 Å, there was no cutoff for the bond angle, and structures were sampled every 4 ps. Table 7 . Hydrogen bonding between the atoms in nisin and the polar atoms in the lipid head group. Data not shown for atoms where the occupancy was less than 15% across all three trajectories. The atom is defined by its residue name, residue number and atom type. The occupancy is the percentage of trajectory frames where the hydrogen bond is formed. To investigate the conformational preferences of the nisin in the aqueous and membrane environments, a clustering analysis of the (,) angles was performed using the algorithm described by Karpen et al. (56) In this implementation the membership of each cluster is unique and all conformations in a cluster are within a 30° radius of each other. For the peptide interacting with the membrane 57 clusters were produced, of which the most populated contained 20% of the trajectory frames ( Figure 6 ). When the peptide was in water there were 112 clusters and the most populated contained just 6% of the trajectory frames, illustrating the greater conformational diversity of nisin in water due to the conformational freedom in the x-direction and the absence of the constraining hydrogen bonds between the lysine tails and the membrane.
Discussion
The presence of an unsaturated carbon at the α-position in Dha and Dhb leads to an unusual redistribution of electron density across neighbouring peptide bonds. The experimental, calculated and predicted chemical shifts of C α and C β of the dehydrated residues are 125-135 ppm and 88-138 ppm, respectively, compared with 45-65 ppm and 20-70 ppm in the standard amino residues. Delocalization of electron density from the nitrogen site towards the α-carbon is associated with an increase in electron density in the carbonyl region. This is in agreement with experimentally observed deshielding at the amino protons, which gives rise to a significant upfield shift in Dha and Dhb (16, 57, 58) . Concomitantly, carbonyl 13 
Nisin binding to lipid membranes
The new parameters were used in an all-atom MD simulation of nisin in the presence of a hydrated model membrane of POPE/POPG, which revealed association of the peptide with the membrane surface. N-terminal association of the peptide with POPE/POPG bilayer revealed hydrogen bonding with oxygen atoms of the phosphate moiety of individual lipid head groups. During the simulations, the N-terminus hydrogen-bonded to both lipid species and the ε-amine of Lys12 formed hydrogen bonds with a similar preference for POPG. This supports a model in which receptor recognition is preceded by engagement of membrane lipid head groups by cationic nisin residues 1 and 12, followed by a random walk across ( Figure 6 ) the membrane surface towards triply negatively charged lipid II molecules. Several experimental observations are consistent with this model, such as decreased activity associated with N-terminal succinylation (59) and methylation (5) , where the N-terminus is no longer available as hydrogen bond donor. Similarly, extension of the nisin Nterminus has a detrimental effect on biological activity (60, 61) , where the presence of the leaders stops the amino group of Ile1 from interacting with the membrane, as it would have fewer hydrogen bond donors to mediate the interaction and there would be steric limitations due to the peptide backbone. Compared with native nisin, a Lys12Leu variant associates less strongly with the surface of a model membrane system that did not contain lipid-II (62) . This non-conservative mutation would prevent the formation of hydrogen bonds between the side chain of residue 12 and the membrane and would explain the reduced interaction.
Conclusions
We present a set of CHARMM force field parameters for dehydroalanine and dehydrobutyrine, commonly present in lanthionine antibiotics. These were 
